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Predicting electromagnetic interference problems for cable bundles early in the 
design stage is of significant value for both automotive and other industries. Effective 
methods are needed for predicting interference when little design information is known. 
The random variation in parameters like wire position in the bundle require that statistical 
variations be taken into account. 
In the first part of this thesis, a method to analytically predict the “reasonable 
worst-case crosstalk” within a cable bundle is proposed. The method uses the per-unit-
length LC matrices associated with the cross-sectional geometry of the bundle to generate 
probability a distribution function for mutual inductance and capacitance between wires 
within the bundle. A probability function for the effective capacitance and inductance 
associated with a cable configuration can then be determined by dividing the harness into 
segments, where wire position changes from segment to segment. Crosstalk can be 
decomposed into inductive coupling and capacitive coupling components and can be 
estimated separately using the effective inductance and capacitance information. 
In the second part of this thesis, a fast simulation method to estimate the crosstalk 
in cable bundles is proposed. The method makes use of the T-parameter (Transfer 
parameter) matrix and can be implemented with a simple MATLAB script. This 
simulation method is more than 200 times faster than traditional SPICE simulation, 
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Electrical systems in automobiles and other vehicles should be evaluated for 
electromagnetic compatibility (EMC) problems early in the design process. The 
challenge is developing methods that can account for the considerable complexity of 
modern vehicle designs while delivering estimates of acceptable accuracy at an 
acceptable speed. Full-wave numerical models can deliver highly accurate solutions but 
may require considerable time to simulate and prepare models of geometry. Obtaining 
accurate models of geometry early in the design process may also be a challenge, since 
the vehicle geometry may not yet be fully specified. Even when available, there is the 
additional problem of refining the geometry to a form that allows simulations to be 
performed in a reasonable amount of time. This refinement process is not always 
straightforward and often requires considerable human interaction. Accounting for the 
wide statistical variation in system parameters like the position of wires within a harness, 
the height of the wires, circuit terminations, and the like only adds to the challenge of 
calculating results with these tools.  
One option for discovering EMC problems early in the design process is to use 
lumped-element approximations of crosstalk to determine worst-case coupling between 
circuits. The advantage of this approximation is that calculations can be made very 
quickly with a limited amount of information. This approach has been shown to work 
well up to several tens of MHz in experiments in an automobile, though there is a risk of 
overestimating the coupling that is likely to occur. Experiments have shown worst-case 
calculations may overestimate crosstalk by as much as 20 dB depending on harness 
configuration. 
Paper 1 of this thesis proposes a method for estimating the “reasonable worst-
case” crosstalk between circuits within a cable harness bundle. This method models the 
randomness of wire position using a segmentation technique. It described the bundle as a 
lumped element circuit model and studies the probability distribution of inductive and 




Paper 2 proposes a fast simulation method of crosstalk simulation for cable  
bundles. It uses T-parameter (Transfer parameter) matrices and can be performed with a 
simple MATLAB script. The theory behind the technique and experiments showing its 






























1. STATISTICAL PREDICTION OF “REASONABLE WORST-CASE” 
CROSSTALK IN CABLE BUNDLES 
Meilin Wu, Daryl G. Beetner, Todd H. Hubing, Haixin Ke, and Shishuang Sun 
 
ABSTRACT 
Worst-case estimates of crosstalk in cable bundles are useful for flagging 
potential problems, but may flag problems that occur only very rarely, due to the random 
variation of wire positions and other characteristics of the harness. Prediction of crosstalk 
that may realistically occur requires statistical methods. Monte-Carlo simulation 
techniques are often used to account for statistical variation, but are time consuming and 
do not provide intuition toward the cause of or solution to problems. Here we investigate 
prediction of the statistically “reasonable worst-case” crosstalk by forming probability 
distributions using inductance and capacitance parameters from a single harness cross-
section and using lumped element approximations for crosstalk that account for strong 
coupling within the harness when the circuit is electrically small. The accuracy of this 
technique was evaluated through comparison to simulation results using the Random 
Displacement Spline Interpolation (RDSI) method for multiple random instantiations of 
several harness configurations. Tests were performed while varying the size of the bundle, 
its height above the return plane, the value of load impedances, and the presence of a 
return wire. The reasonable worst-case crosstalk was estimated within about 5 dB or less 




Predicting electromagnetic interference problems early in the design process is a 
significant challenge in automotive design and many other industries. Complex 
simulation tools have the potential to estimate interference very accurately, but 
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significant time is required to enter design information and to perform simulations, and 
results are not always easy to interpret. While the presence of a problem may be found 
with these tools, the problem’s cause or solution may not be obvious. Statistical variation 
of system parameters, like the random variation of wire position within a harness, adds to 
the challenge [1], [2]. Accounting for statistical variations using simulation models 
typically requires simulation of many possible design configurations to estimate the range 
of interference problems. Worst-case analysis using lumped-element models provides 
rapid solutions at low frequencies with a clear indication of the parameters that may 
cause or solve a problem [3], though such solutions may be too conservative and 
overestimate interference that is statistically likely to occur [4]. Methods are needed to 
quickly estimate statistically reasonable estimates of crosstalk in a way that also allows a 
clear to link between the observed interference and the system characteristics that cause 
that interference.  
Several methods have been developed for estimating the statistical variation of 
crosstalk in cable harness bundles. Efforts to develop a closed form estimate of statistical 
variation have so far been unsuccessful, requiring at least some numerical intervention to 
generate results [5]. Most solutions rely on Monte Carlo simulation of multiple harness 
configurations. For example, Ciccolella and Canavero use Monte Carlo methods to 
estimate a cumulative distribution function for crosstalk through numerical solution of 
multi-conductor transmission line equations [6]. Position is varied by segmenting the 
harness along its length and choosing a random position for each wire within each 
segment. Sun et al. develop a similar method called the Random Displacement Spline 
Interpolation (RDSI) method that also allows for smooth variation of the position of the 
wires from one segment to another [7]. The need by both methods to numerical solve 
many harness configurations requires significant computational effort. 
Another method for dealing with the statistical variation of crosstalk that promises 
to significantly reduce computational effort was proposed by Bellan and Pignari [8]. The 
method estimates the statistical variation of crosstalk using lumped 2-wire models for 
crosstalk and the statistical variation of inductance or capacitance within a single harness 
cross-section. This method works well at low frequencies (e.g. 1 kHz), where weak-
coupling may be assumed. This work was extended in [9], where simplifying limits were 
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proposed to estimate the reasonable worst-case crosstalk (e.g. the worst crosstalk that will 
occur in 99% of configurations) at frequencies where weak-coupling no longer applies.  
Here, the aim is to further extend the work in [8], [9] to develop closed-form 
estimates of the statistically reasonable worst-case crosstalk when the harness is 
electrically small but weak coupling cannot be assumed and demonstrate the applicability 
of the model over a wide frequency range. The following paragraphs will explain the 
theory behind the approach and will show the ability of the method to predict the 
reasonable worst-case crosstalk through comparison to simulations using the RDSI 
method. Multiple harness configurations will be explored, including large and small 
termination impedances, the use of return wires, and the influence of bundle height above 
the return plane and the number of wires in the harness. 
 
 
1.2. ESTIMATION OF VARIATION OF INDUCTANCE AND CAPACITANCE 
Lumped element models can be used to estimate crosstalk at low frequencies, 
where circuits are electrically small, given the self- and mutual- inductance and 
capacitance among circuits. Estimation of crosstalk in harnesses is difficult because the 
position of a wire within the harness is often unknown, the position changes along the 
wire length (often associated with bundle “twist”), and the influence of other wires in the 
harness cannot necessarily be ignored when calculating crosstalk between a particular 
culprit and victim.  
A common method for dealing with the random position of wires within the 
harness is to calculate values of inductance and capacitance for a specific, fixed harness 
cross-section, to assume this cross-section reasonably approximates any cross-section of 
the harness, and to account for twist by splitting the harness into segment and giving 
circuits a new, random position within each segment [6-8]. Crosstalk is calculated from 
the inductance and capacitance parameters of the harness segments. The rate that wires 
change along the length of the wire (i.e. the amount of twist) is controlled by the number 
of segments. Here, that same approach is used to first estimate the statistical variation of 
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the self- and mutual- inductance and capacitance within the harness and then to estimate 
the crosstalk between harness circuits. 
An example bundle cross-section used in this study is shown in Figure 1.1. This 
bundle consists of 14 20-gauge copper wires separated by the thickness of the PVC 
insulation, which was set equal to the radius of the wires. The height of the center of the 
bundle from the return plane was typically 2 cm, though experiments were also 
performed with the harness lying directly on the return plane. Matrices [10] describing 
the per-unit-length self- and mutual-inductances within the harness cross-section were 
found using the 2D electromagnetic modeling tool Ansoft Maxwell 2D Extractor. Here, 
the tool calculated Maxwell matrices rather than SPICE-type matrices. The wire for a 
particular circuit was assumed to take on any position within the harness with equal 
probability. To simplify analysis, position of a wire within one harness segment was 
assumed to be independent of its position in any other segment.  
 
  
Figure 1.1. Cross section of a 14 wire harness 
 
 
The statistical distribution of the per-unit-length inductance or capacitance from 
one wire within the harness to any other wire or to the return plane can be determined 
from the inductance and capacitance matrices calculated using a 2D modeling tool. The 
probability distribution for self inductance with respect to the return plane is found from 
the number of occurrences of a value along the main diagonal of the inductance matrix. 
The probability distribution for mutual inductance is found from the upper-triangle of the 
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matrix. Probability distributions for self- and mutual- capacitance can be found in a 
similar manner. 
Crosstalk is calculated from the average per-unit-length inductance and 
capacitance along the harness and from the harness length. The average per-unit-length 
inductance or capacitance is a weighted sum of the per-unit-length inductance or 
capacitance for each segment. Since these are random quantities, the average per-unit-
length inductance or capacitance is given by a weighted sum of random variables. As 
each random variable is independent and has the same probability distribution, say fs(x), 
the probability distribution for the average per-unit-length inductance or capacitance for 
the harness, say fh(x), is given by a convolution of probability distributions among the 
segments. For example, for two segments of equal length, the average per-unit-length 
inductance or capacitance of the harness is given by [11]: 
( ) (2 ) ( )h s sf x f x y f y
∞
−∞= −∫ d y .       (1) 
More than two segments would require a series of similar convolutions.   
Typical probability distributions generated using this technique are illustrated in 
Figure 1.2 through 1.5. Plots were generated using the harness cross-section shown in 
Figure 1.1 with 14 wires and a height, h, of 2 cm above the return plane. Figure 1.2 
shows the probability distribution for the per-unit-length mutual inductance generated 
from the upper triangle of the inductance matrix. Figure 1.3 shows the probability 
distribution for the average or “effective” per-unit-length mutual inductance over the 
entire harness after breaking the harness into 8, 16, or 32 segments and assuming a new, 
random position of each wire for each segment. The nearly-uniform nature of the 
probability distribution for a single segment causes the probability distribution for 
multiple segments to get progressively narrower as the number of segments increases. 
Figs 4 and 5 show the probability distribution for the per-unit-length mutual capacitance 
for a single segment and for 8, 16, and 32 segments. In this case, the probability 
distribution for a single segment is asymmetrical, as very small values of mutual 
capacitance are much more likely than large values, and the probability distribution 
envelope becomes wider and the median value moves to the right (to larger values of 

























Figure 1.2. Probability distribution for per-unit-length mutual inductance in wiring 
harness containing 14 20-gauge wires 2 cm above a return plane 
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Figure 1.3. Probability distribution of “effective” per-unit-length mutual inductance for 




























Figure 1.4. Probability distribution of per-unit-length mutual capacitance for a single 
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Figure 1.5. Probability distribution of the  “effective” per unit length mutual capacitance 






1.3. ESTIMATION OF “REASONABLE WORST-CASE” CROSSTALK 
 At low frequencies where coupling is weak, crosstalk can be estimated using 
simple lumped-element equations with information about only the culprit and victim 
circuits and the mutual inductance or capacitance between them [8], [9]. A model for 
crosstalk in this case is shown in Figure 1.6. The far-end inductive crosstalk is given by 
_
( )(
FE IND m FE
ind
S S L NE
V j L Rxtalk
V R R R R
ω= = − + + )FE                    (2) 
and capacitive crosstalk by 
_
( )(
FE CAP m L NE FE
cap
S S L NE
V j C R R Rxtalk
V R R R R
ω= = + + )FE ,                     (3) 
where crosstalk is defined as the ratio of the voltage across the load of the victim circuit 
to the culprit source voltage. Worst-case crosstalk among harness configurations can be 
estimated from the largest value of mutual capacitance or inductance, though this value of 
crosstalk may occur only very rarely. “Reasonable” worst-case crosstalk can be estimated 
from the largest values of mutual inductance or capacitance that will occur over a 
percentage of harness configurations. For example, for the case shown in Figure 1.3, the 
worst-case value of per-unit-length mutual inductance is about 650 nH/m; yet, in more 
than 99% of configurations, the worst effective mutual inductance over the length of the 
harness is less than 570 nH/m when wires change position 32 times over the harness 
length. A statistically reasonable estimate of worst-case inductive crosstalk (i.e. worst 
crosstalk in 99% of configurations) could be found using a mutual inductance of 570 
nH/m in crosstalk calculations. 
 
 
Figure 1.6. Low-frequency model for crosstalk 
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At higher frequencies, the weak coupling assumption breaks down and the 
influence of the other circuits must be taken into account [9]. The crosstalk due to 
inductive coupling in this case can be approximated by lumping all the potential victim 
circuits together as shown in Figure 1.7. This approximation is valid assuming that a) that 
the magnetic flux produced by the culprit circuit will generate approximately the same 
voltage drop across all other (victim) circuits in the harness, i.e. they share approximately 
the same mutual inductance, M, b) that the net magnetic flux produced by the induced 
current in the victim circuits will generate approximately the same voltage drop across all 
victim circuits, as represented by the self inductance Lharness, and c) that the net magnetic 
flux produced by the victim circuits will generate a voltage drop across the culprit circuit 
that may also be represented by the mutual inductance M. These approximations are 
reasonable so long as the current return path (e.g. the return plane) is reasonably far from 
the wires in the harness, so that all values of mutual and self inductance are relatively 
close. Using these assumptions, the voltage drops created by magnetic flux through the 
victim circuits can be lumped together as a single self - or mutual-inductance for all the 
victim circuits, as shown in the figure, resulting in a relatively simple circuit for 
approximating the crosstalk that accounts for strong coupling within the harness. In this 

















× + + + +
 (4) 
where Z is the effective impedance of the victim circuits,  
2 2 3 3( ) || ( ) || || ( )NE FE NE FE NEN FENZ R R R R R R= + + +" , 
M is calculated from the net per-unit-length mutual inductance along the harness, M = 
lm*length, where lm is the per-unit-length mutual inductance between the culprit and 
victim circuits and length is the length of the harness, L1 is approximated from the 
average per-unit-length self inductance of all the circuits in the harness, L 1= ls_avg*length, 
where ls_avg is calculated from the average value of the main diagonal of the inductance 
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Figure 1.7. Circuit model approximating strong inductive coupling 
 
 
A similar approximation can be made for capacitive coupling when weak 
coupling cannot be assumed. The victim circuits are again lumped together as shown in 
Figure 1.8. The model shows the mutual capacitance from the culprit to the victim of 
interest (represented by resistance RRE2//RFE2) and also represents the capacitive coupling 
from the culprit to all other circuits in the harness (whose impedance is represented by 
the impedance 2 2 = // // // //all NE FE NEN FENZ R R R R" ) and the capacitive coupling from the 
victim of interest to all other circuits in the harness. The capacitive coupling to all other 
circuits in the harness is represented by Cx = Co_avg – Cm, where Cm is calculated from the 
per-unit-length mutual capacitance as found from the capacitance matrix, Cm=cm*length, 
and Co_avg is calculated from the average per-unit-length value of capacitance given on 
the main diagonal of the (Maxwell) capacitance matrix and approximates the sum of all 
capacitance values from a wire to all other wires in the harness and to the return plane. 
The capacitance to the return plane is assumed to be small compared to other values of 
capacitance and is ignored in this approximation. Based on this model, the far-end 








[ ( 2 ) ]




















+ + + −i avg
 (5) 
where  Zx is defined as: 
2 2
_
1//( // // ).x L NE FE all
o avg
Z R R R Z
jwC
≈ +  
 
 
Figure 1.8. Circuit model approximating strong capacitive coupling 
 
 
The reasonable worst-case inductive or capacitive crosstalk can be estimated from 
(3) or (4) using the reasonable worst-case values of mutual inductance or capacitance (e.g. 
using 570 nH/m for the configuration in Figure 1.3).  
Using these values allows one to calculate the reasonable worst-case crosstalk due 
to either inductive or capacitive coupling, but not necessarily due to both, since large 
values of mutual capacitance may not occur for the same configurations that cause large 
values of mutual inductance. Since the joint relationship between inductive and 
capacitive coupling is complicated, and typically either one or the other dominates, a 
simple heuristic was used here to approximate the total crosstalk. At the near-end, where 
inductive and capacitive crosstalk are in-phase, the total crosstalk was approximated as 
the sum of crosstalk calculated using (3) and (4). At the far-end, where inductive and 
capacitive crosstalk are out-of-phase, the total crosstalk was approximated as the larger of 
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(3) and (4). This approximation may overestimate crosstalk when inductive and 
capacitive coupling are approximately equal and cancel one-another at the far-end, but 




1.4. APPLICATION OF THE METHOD 
The proposed method of estimating reasonable worst-case crosstalk was tested by 
applying it to several test configurations and comparing results to crosstalk calculated 
using the RDSI algorithm [7]. The RDSI algorithm has previously been shown to produce 
results that closely match experimental data [7]. Both the RDSI algorithm and the 
reasonable worst-case estimate were based on the numerical solution of L and C matrices 
using Ansoft Maxwell 2D Extractor for a harness cross-section like that shown in Figure 
1.1. The RDSI algorithm then used Monty Carlo methods and HSPICE simulations to 
estimate the total crosstalk (inductive + capacitive) for several possible wire position-
configurations within the harness. The reasonable worst-case crosstalk was estimated 
using (3) and (4) as explained above. Each method was configured so that the wires 
changed position approximately 32 times along the harness length (i.e. 32 segments were 
used for the reasonable worst-case estimate). The harness was assumed to be 2 m long 
and lie above a large return plane. Simulations were performed from 10 kHz to 10 MHz, 
where the harness could be considered electrically small. The number of wires in the 
harness, the height above the return plane, and the value of source- and load-impedances 
were varied as indicated in the following test configurations: 
• Scenario 1: 3 wires, height = 2 cm, 50 ohm and 1 kohm terminations. 
• Scenario 2: 14 wires, height = 2 cm, all terminations 50 ohms; 
• Scenario 3: 14 wires, height = 2 cm, all terminations 1 kohm; 
• Scenario 4: 14 wires, lying on return plane, all terminations either 50 ohms or all 
terminations 1 kohm; 
• Scenario 5: 14 wires, lying on return plane, terminations varied to mimic 
realistic harness impedances; 
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• Scenario 6: 14 wires, lying on return plane, all terminations either 50 ohms or 1 
kohm; presence of return wire; 
 
1.4.1. Scenario 1: 3 wires, height = 2 cm, 50 ohm and 1 kohm terminations.  
In the first scenario tested, the harness had only 3 wires, was 2 cm above the return plane, 
and was loaded on both ends with either 50-ohm loads – and inductive coupling 
dominated - or 1-kohm loads – and capacitive coupling dominated. Under these 
configurations, the variation in crosstalk among harness instantiations is small and results 
should be very close to analytic calculations. As expected, the reasonable worst-case 
estimate (as well as the RDSI estimate) was within 1 dB of the analytic estimate across 
the entire frequency range, verifying the technique works well even for a small number of 
wires. 
1.4.2. Scenario 2: 14 wires, height = 2 cm, all terminations 50 ohms.  For this 
configuration, inductive coupling should dominate, since the termination impedances are 
relatively low. The reasonable worst-case crosstalk and the crosstalk predicted by 273 
RDSI simulations of random harness instantiations are shown in Figure 1.9 for the near-
end crosstalk and Figure 1.10 for the far-end crosstalk. The reasonable worst case 
estimate is within about 5 dB of the worst crosstalk found by the RDSI algorithm.  
1.4.3. Scenario 3: 14 wires, height = 2 cm, all terminations 1 kohm.  In this 
scenario, capacitive coupling should dominate. The near- and far-end crosstalk are shown 
in Figure 1.11 and 1.12, respectively. The reasonable worst-case estimate was within 
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Figure 1.9. Near-end crosstalk when all circuits were loaded with 50 ohms 
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Predicted cap. reasonable worst-case
273 RDSI simulation
 



























Predicted ind.+cap. reasonable worst-case
273 RDSI simulation
 
Figure 1.11. Near-end crosstalk when all circuits were loaded with 1 kohm 
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1.4.4. Scenario 4: 14 wires, lying on return plane, all terminations either 
50 ohms or all terminations 1 kohm.  To study the ability to estimate reasonable worst-
case crosstalk for small heights, simulations were performed with the harness lying 
directly on the return plane. This case is expected to be challenging for the proposed 
estimation method since the variation of inductive coupling should be much larger and 
the application of some approximations used by the estimate may not be as appropriate as 
when the harness is far from the return plane. Estimates of crosstalk are shown in 
Figure 1.13 when all terminations were 50 ohms and in Figure 1.14 when all terminations 
were 1 kohm. The reasonable worst-case estimate was within a few decibels of the worst-
case estimated using RDSI for both termination conditions. 
 
























Predicted ind. reasonable worst-case
Predicted cap. reasonable worst-case
273 RDSI simulation
 
Figure 1.13. Far-end crosstalk when the bundle was lying on the return plane and all 






























Predicted ind. reasonable worst-case
Predicted cap. reasonable worst-case
240 RDSI simulation
 
Figure 1.14. Far-end crosstalk when the bundle was lying on the return plane and all 
circuits were loaded with 1 kohm 
 
 
Table 1.1. Near-end and far-end loads 
Circuit # RNE RFE Circuit # RNE RFE 
1 2 kΩ 2 kΩ 8 10 Ω 1 kΩ 
2 10 Ω 100 Ω 9 15 kΩ 10 Ω 
3 100 kΩ 10 Ω 10 47 Ω 10 Ω 
4 47 Ω 100 kΩ 11 1 kΩ 10 Ω 
5 1 kΩ 47 Ω 12 10 Ω 1 kΩ 
6 100 kΩ 15 kΩ 13 10 Ω 15 kΩ 
































Predicted ind. reasonable worst-case
Predicted cap. reasonable worst-case
100 RDSI simulation
 
Figure 1.15. Far-end crosstalk from circuit 2 to circuit 1 when the bundle was loaded as 
shown in Table 1.1 
 
 

























Predicted ind. reasonable worst-case
Predicted cap. reasonable worst-case
100 RDSI simulation
 
Figure 1.16. Far-end crosstalk from circuit 2 to circuit 10 when the bundle was loaded as 




1.4.5. Scenario 5: 14 wires, lying on return plane, terminations varied to 
mimic realistic harness impedances.  In this case, the harness was terminated with a 
variety of impedances as shown in Table 1. These terminations are similar to those used 
by others in the study of the statistical characteristics of harness crosstalk [1-2], [6-7]. 
The first experiments used circuit 2, with relatively small termination impedances (10 
ohms and 100 ohms), as the culprit and used circuit 1, with relatively large termination 
impedances (2 kohms), and circuit 10, with relatively small impedances (47 ohms and 10 
ohms), as the victims. Far-end crosstalk is shown in Figure 1.15 when circuit 1 was the 
victim and in Figure 1.16 when circuit 10 was the victim. The reasonable worst-case 
estimate was within about 3 dB of the worst crosstalk found using RDSI in these cases. 
The second experiments used circuit 1, with a relatively large termination 
impedance (2 kohms), as the culprit and circuit 2, with a relatively small termination 
impedance (10 ohms and 100 ohms), and circuit 7, with a relatively large termination 
impedance (15 kohms), as the victims. The far-end crosstalk for these configurations is 
shown in Figure 1.17 and 1.18. The reasonable worst-case estimate of crosstalk to circuit 
7 was within a few decibels of the worst crosstalk found by the RDSI algorithm over the 
frequency range studied. The reasonable worst-case over-estimated the worst crosstalk to 
circuit 1, however, by about 10 dB below 1 MHz. This overestimation results because 
neither inductive nor capacitive coupling dominates for this configuration and the two 
cancel each out at the far end, resulting in lower crosstalk than is found with either 
inductive or capacitive crosstalk alone. 
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1.4.6. Scenario 6: 14 wires, lying on return plane, all terminations either 
50 ohms or 1 kohm; presence of return wire.  Another case that is expected to be 
challenging for the proposed estimation technique is the case where a return wire exists 
within the harness. This case is challenging since high-frequency current will return over 
this wire rather than the return plane and some approximations may not be as appropriate 
as when currents return far from the harness. To perform this estimation, the extraction of 
the L and C matrices was performed such that one wire in the harness was designated as a 
return wire and was lumped with the return plane in the 2D extraction tool, so the return 
plane and return wire were treated as the same conductor. Thus, for the harness shown in 
Figure 1.1, the harness included 13 wires associated with circuits and 1 wire for the 
return, and the L and C matrices contained 13 rows and columns. Other estimation steps 
were performed as before. Estimated crosstalk is shown in Figure 1.19 when all circuits 
were terminated with 50 ohms and in Figure 1.20 when all circuits were terminated with 
1 kohm. The reasonable worst case was within a few decibels of the worst case found 
with the RDSI algorithm. Simulations where the harness was 2 cm above the return plane 
were also performed with slightly better results than when the harness was lying on the 
return plane. 
 





















Predicted ind. reasonable worst-case
Predicted cap. reasonable worst-case
100 RDSI simulation
 
Figure 1.17. Far-end crosstalk from circuit 1 to circuit 2 when the bundle was loaded as 


























Predicted ind. reasonable worst-case
Predicted cap. reasonable worst-case
100 RDSI simulation
 
Figure 1.18. Far-end crosstalk from circuit 1 to circuit 7 when the bundle was loaded as 
shown in Table 1.1 
 
 
























Predicted ind. reasonable worst-case
Predicted cap. reasonable worst-case
240 RDSI simulation
 
Figure 1.19.  Far-end crosstalk when the bundle was lying on the return plane and all 
wires were loaded with 50 ohms except a return wire 
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Predicted ind. reasonable worst-case
Predicted cap. reasonable worst-case
240 RDSI simulation
 
Figure 1.20. Far-end crosstalk when the bundle was lying on the return plane and all 




The proposed method of estimating the reasonable worst-case crosstalk 
successfully bound the worst crosstalk found through multiple RDSI simulations within 5 
dB or less for all the scenarios tested. While only resistive loads were explored, good 
results are also expected with reactive loads, since they do not make a fundamental 
change to the algorithm. For similar reasons, good results are also expected for larger 
bundle sizes or larger distances above the return plane.  
The estimate of the rate that wires change within the harness has a direct impact 
on the estimate of the reasonable worst-case crosstalk. The rate that wires change position 
is modeled here by the number of segments used to estimate the probability distribution 
for inductance or capacitance. As shown in Figure 1.3 and 1.4, using 8 segments rather 
than 32 segments results in a reasonable worst-case mutual inductance of about 600 
nH/m rather than 570 nH/m and a mutual capacitance of about 5 pF/m rather than 13 
pF/m. Mis-estimating the rate that wires change position could result in a larger or 
smaller estimate of the reasonable worst-case crosstalk than occurs in the actual harness. 
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This mis-estimation would occur with either the proposed method or using the RDSI or 
similar algorithms. 
It is challenging to estimate the reasonable worst-case crosstalk using the 
proposed method when inductive and capacitive coupling are out-of-phase and 
approximately equal in size, as occurred in Figure 1.17. The current technique will 
overestimate crosstalk in these scenarios since it cannot accurately predict the value of 
both inductive and capacitive crosstalk for specific configurations. Accurate estimation 
requires formation of a joint probability distribution between inductance and capacitance 
so that reasonable levels of cancellation can be predicted. Development of this method is 
left for future work. The current method, however, can be considered a conservative 
estimate when inductive and capacitive coupling contribute nearly equally to far-end 
crosstalk. 
Here, the variation in crosstalk due to only the change in wire positions was 
studied. In real harnesses, the height of the harness also varies randomly above the return 
plane as does the compactness of the harness. The proposed technique might be extended 
to account for these conditions by calculating L and C matrices for a representative 
sample of possible heights or compactness, attributing a given probability to each 
condition, and then using this information to calculate a probability distribution for 
inductance and capacitance as shown in Figure 1.3 and 1.4. Once these probability 




The proposed method does a good job of estimating the reasonable worst-case 
crosstalk due to random variation of wire position within cable bundles. The advantage of 
the technique is not only improved estimation speed, but the potential to improve the 
understanding of why problems occur and how to fix them, since results are found from 
relatively simple closed form approximations and L and C matrices. Accurate prediction 
depends on accurate knowledge of harness parameters, like harness height or the rate that 
wires change position along the harness length. While random variation in harness height 
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or other parameters were not dealt with here, the technique might also be extended to 
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2. IMPROVING CROSSTALK SIMULATION SPEEDS FOR CABLE HARNESS 
BUNDLES USING THE T-PARAMETER METHOD 
Meilin Wu, Daryl G. Beetner, Jun Fan, Todd Hubing, Haixin Ke 
 
ABSTRACT 
Statistical variations in crosstalk are typically characterized using Monte Carlo 
simulation techniques which require significant computational effort due to the many 
random instantiations of the circuit that must be evaluated to obtain an accurate result. 
Depending on the circuit, simulations may take days to complete. This paper proposes the 
use of T-parameter (Transfer parameter) matrices to improve the speed of Monte Carlo 
simulations of cable harness bundles. In this method, a reference S-parameter matrix is 
estimated for a single harness cross-section. Random variation in wire positions are 
represented by swapping rows and columns of the S-parameter matrix. Variation of 
position along the harness length is performed by segmenting the harness and 
representing each segment with a different S-parameter matrix. The T-parameter matrix 
representing the overall harness is found by multiplying the T-parameter matrices for 
each segment, which can be obtained from their corresponding S-parameter matrices. 
Simulations using the T-parameter method and using SPICE shows both methods give 




Crosstalk in cable bundles varies because of the random placement of wires 
within the bundle, as well as due to other random variations like the height of the bundle 
above a return plane or the variation of load impedances. Estimation of the statistical 
variation of crosstalk is used to help prevent over design while ensuring that any 
problems that are likely to occur will be solved. Although methods exist to estimate 
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bounds for the statistical variation of crosstalk with minimal simulations [1], [2], 
statistical variation is typically characterized using Monte Carlo methods.   
Monte Carlo methods require the cable bundle to be constructed for many random 
instantiations of the bundle and a simulation to be performed for each instantiation. 
Several methods of performing the simulation exist. The method used by S. Sun et al. 
generates a circuit model for the harness and then uses a SPICE tool to find crosstalk [3]. 
Harness models are generated by splitting the harness into several segments, where wire 
position is constant for each segment but changes between segments. Depending on the 
technique, wires may change position abruptly between segments or may change slowly 
along the harness length [2][3]. To characterize statistical variations, many SPICE decks 
must be generated and then simulated. Ciccelella and Canavero [4] perform a similar 
simulation by solving multi-conductor transmission line equations. The many simulations 
performed by either of these methods are computationally and time consuming. 
As an alternative to existing simulation techniques, the cable bundle can be 
represented using a transfer-parameter (T-parameter) matrix. The technique will yield the 
same results as a SPICE solver or as multi-conductor transmission line equations when 
wire segments are electrically small but the matrices can be easily manipulated to account 
for variations in wire position and can be solved very quickly. These characteristics give 
the T-parameter method a speed advantage over existing simulation methods, as will be 
demonstrated in the following paper. 
 
 
2.2 THE T-PARAMETER MATRIX 
The T-parameter matrix is defined for a multi-port network as shown in Figure 
2.1, where “inputs” to the network are shown on the left and “outputs” are shown on the 
right. An incident wave, ai, and reflected wave, bi, is defined for each port, i. The T-
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nb .                               (1) 
Since the T-parameter matrix and scattering-parameter (S-parameter) matrix are 
both defined for waves entering and leaving a multi-port network, knowledge of one 
matrix can be used to calculate the other [5]. The T-parameter matrix is particularly well 
suited for analysis of cascaded networks. For example, the overall T-parameter matrix 
representing x cascaded networks with the same number of ports as shown in Figure 2.2, 
can be calculated by simply multiplying the T-parameter matrices for each network:  
1 ,overall xT T T= "                                   (2) 
where Toverall is the T-parameter matrix of the overall network while Ti (i= 1,2,…,x) are 
the T-parameter matrices representing the cascaded networks. 
 The transfer characteristics of a cable harness, where wires change position along 
its length, can be found by splitting the harness into a fixed number of individual 
segments where wire positions don’t change, by finding the S-parameter matrix for a 
single section for a fixed cross-section of the harness as a reference, by randomly 
assigning wire positions for each harness segment and then exchanging row and column 
entries in the calculated S-parameter matrix to correspond with the new wire positions, 
then calculating the T-parameter matrix for the entire harness by multiplying together the 
T-parameter matrices for the segments (obtained from S-parameter matrix for each 
segment). The T-parameter matrix of the entire bundle can then be converted into an 
admittance matrix to be used along with termination impedances to solve for crosstalk.  
This procedure will be explained in more detail in the next section. 
 
 




Figure 2.2. An overall network consisting of x cascaded individual networks 
 
 
2.3 CIRCUIT MODEL 
Figure 2.3(a) shows a simple circuit model for a 3-wire bundle (without showing 
the self and mutual capacitances or inductances). Circuit 1 is the culprit circuit and 
includes an excitation voltage source at its near end. Voltage generated by this excitation 
source across each of the loads is desired. The voltage source can be converted to a 
current source with value 1/s s neI V R=  as shown in Figure 2.3(b). The circuit can then be 
split into separate networks connected by ports as shown in Figure 2.4 where the noise 
voltages of interest become the voltages at the ports. The cable harness is defined as just 
another network as shown in Figure 2.4(b). For this definition of the harness, crosstalk 
can be found from the impedance of the loads and the admittance matrix for the harness 
as: 
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where Vi and Ii are the voltages and currents at each port I, Ybundle is the admittance matrix 
















⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
%
%
         (4) 
 
The vector of currents is found from the characteristics of the culprit circuits. For 
the example in Figure 2.4, 1 / 1s s neI I V R= =  and I2 through I6 are zero. The admittance 
matrix, Ybundle, can be calculated from the S- or T-parameter matrix for the bundle. The 
voltages at the ports – and thus the crosstalk – can readily be calculated using (3) when 










      (a) 
  
(b) 
Figure 2.4. The model for the cable bundle shown in Figure 2.3 with defined ports 
 
 
2.4 OBTAINING THE ADMITTANCE MATRIX 
As discussed earlier, changes in wire position along the harness can be modeled 
using abrupt changes from one segment to another, where wire position in one segment is 
assumed to be independent of position in any other segment, or using smooth changes 
that model the smooth variation in wire position along the harness length [2][3]. In either 
case, the bundle can be modeled as a cascade of ideal multi-conductor transmission line 
segments where wire positions do not change within any one segment. The T-parameter 
matrix of the entire bundle can be obtained by multiplying the T-parameter matrices for 
the segments together as shown in equation (2). The resulting T-parameter matrix can 
then be converted to a Y-parameter matrix to solve (3).  
The S-parameter matrix for a single harness segment can be easily obtained using 
HSPICE provided the per-unit-length RLGC parameters for the segment, which can be 
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obtained by modeling tools such as Ansoft Maxwell 2D extractor or calculation. If one 
assumes the harness cross-section is constant along the harness length and the circuits 
only change positions within this cross-section [2], [3], then S-parameter matrices for the 
segments may be found simply by swapping rows and columns of the calculated S-
parameter matrix, as the only difference between the first segment and the other segments 
are the wire positions [2]. The S-parameter matrix for the reference cross-section must 
only be calculated once for a given harness. The S-parameter matrix for each segment 
can then be converted to a T-parameter matrix and then the T-parameter matrix for the 
entire harness calculated from the matrices for each segment. Figure 2.5 summarizes one 
possible flow for the process. 
 
Extract per-unit-length RLGC parameters for the first segment using 
2D modeling tool
Obtain the S-parameter matrix of the first segment using HSPICE
Obtain S-parameter matrices of other segments by appropriately 
swapping the rows and columns of the first segment 
Convert S-parameter matrices of the individual segments into T-
parameter matrices
Obtain the T-parameter matrix of the harness by multiplying the T-
parameter matrices of the segments
Calculate the S-parameter matrix for the harnessfrom the T-parameter matrix
Obtain the admittance matrix using equation (5)  




To show that the T-parameter method will give the same result as the traditional 
SPICE method, crosstalk was calculated using both methods for an example wire harness 
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bundle. A 2-meter long bundle with 14 19-AWG wires 2 cm above a return plane was 
studied [2]. All 14 wires were loaded with 50 ohms at both ends. The wires were assumed 
to change position 32-times along the harness length – that is, the variation of wire 
position was modeled by splitting the harness into 32 independent segments. For this 
experiment, the position of the wires within each segment was known and fixed. The per-
unit-length RLGC parameters for a single reference segment with known cross section 
was found using Ansoft Maxwell 2D and a corresponding S-parameter matrix was found 
using HSPICE.  
The bundle was first simulated using SPICE. An HSPICE deck was generated 
using the extracted per-unit-length LC matrices and assuming the wire-harness bundle 
was lossless for simplicity. The LC matrices were used to construct W or U elements 
(transmission-line elements in HSPICE) representing the segments of the bundle. 
Changes in wire position from the reference were modeled by swapping rows and 
columns of the LC matrices accordingly. 
The bundle was simulated next using the T-parameter method. The S-parameter 
matrix for the reference segment was used as input to a MATLAB script. The script 
generated S-parameter matrices for segments of the harness by swapping the rows and 
columns of the reference S-parameter matrix to correspond with wire positions in the 
harness. The admittance matrix for the harness was then found as shown in Figure 2.5.  
Crosstalk was then calculated using (3).  
Figure 2.6 shows the far-end crosstalk calculated using both methods from circuit 
2 (chosen as the culprit circuit in this study) to circuit 1 from 10 kHz to 1 GHz. The T-
parameter method generates the same results as SPICE. Similar results were observed in 
other simulations, verifying the accuracy of the T-parameter method. 
The main advantage of the T-parameter method is the potential speed of 
calculation, since the most complex part of the calculation is the inverse operation 
performed in (3). Calculation speed of the T-parameter matrix was compared to the speed 
of simulations using SPICE.  Comparison was not performed relatively to direct solutions 
of the multi-conductor transmission line equations as these calculations are reportedly 
relatively slow [4]. Two MATLAB scripts were used to test the speed of the T-parameter 
method against the SPICE method. One script used the reference S-parameter matrix to 
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estimate crosstalk using the T-parameter method. The other script automatically 
generated an HSPICE deck using the reference LC matrices and called HSPICE to run 
the deck. For each method, the harness was split into 32 segments and the position of 
wires were varied randomly between the segments. The same harness configurations 
were calculated using both the T-parameter method and HSPICE so results could be 
compared fairly. MATLAB was used to determine the time required to calculate crosstalk 
for two hundred realizations of the harness. 
Simulations were performed for a 14-wire and a 24-wire cable harness bundle.  
Simulations were performed on a PC using a 3.2 GHz Pentium 4 CPU and with 2 GB 
memory. For the 14-wire bundle, 200 simulations took approximately 1640 seconds 
using HSPICE and approximately 6.05 seconds using the T-parameter method, more than 
270 times faster. For the 24-wire bundle, 200 simulations using HSPICE took 
approximately 4293 seconds and approximately 13.78 seconds using the T-parameter 
method, more than 300 times faster. When using these results to estimate statistical 
characteristics of cable-harness bundles, additional speedups are expected since the 



























Figure 2.6. Comparison of the simulation results for far-end crosstalk from circuit 2 to 





The above calculations were performed when wire position changes abruptly from 
one segment to another.  Similar results are expected when position changes smoothly 




2.6 DISCUSSION AND CONCLUSIONS 
The T-parameter method can quickly estimate statistical variation of crosstalk in 
cable-harness bundles without sacrificing accuracy of the calculation. The cable bundle is 
approximated as cascaded segments of multi-conductor transmission lines. All 
impedances and values of crosstalk are found using simple matrix calculations once a 
reference S-parameter matrix has been calculated for a reference harness segment. The 
accuracy of the T-parameter method was verified by comparing it with the conventional 
SPICE method. Both methods gave the same result, but the T-parameter method was 
approximately 300 times faster than the SPICE technique. This added speed is 
particularly useful for estimating statistical variation of crosstalk where hundreds or even 
thousands of simulations are required for an accurate result.  The added speed is 
particularly useful as the number of random parameters grows – for example to also 
model the random variation in harness height, as the number of required simulations 
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